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Meso-scale imaging of composite materials
Abstract
The performance of composite materials is controlled by the interaction between the individual components
as well as the mechanical characteristics of the components themselves. Geometric structure on the meso-
scale, where the length-scales are of the same order as the material granularity, plays a key role in controlling
material performance and having a quantitative means of characterizing this structure is crucial in developing
our understanding of NDE technique signatures of early damage states. High-resolution computed
tomography (HRCT) provides an imaging capability which can resolve these structures for many composite
materials. Coupling HRCT with three-dimensional physics-based image processing enables quantitative
characterization of the meso-scale structure. Taking sequences of these damage states provides a means to
structurally observe the damages evolution. We will discuss the limits of present 3DCT capability and
challenges for improving this means to rapidly generate structural information of a composite and of the
damage. In this presentation we will demonstrate the imagingcapability of HRCT.
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0HVRVFDOH,PDJLQJRI&RPSRVLWH0DWHULDOV
5*UDQGLQ DQG - *UD\
Center for NDE, Iowa State University, 1915 Scholl Road, Ames, IA 50011 USA
$EVWUDFW 7KH SHUIRUPDQFH RI FRPSRVLWH PDWHULDOV LV FRQWUROOHG E\ WKH LQWHUDFWLRQ EHWZHHQ WKH LQGLYLGXDO FRPSRQHQWV DV
ZHOO DV WKH PHFKDQLFDO FKDUDFWHULVWLFV RI WKH FRPSRQHQWV WKHPVHOYHV *HRPHWULF VWUXFWXUH RQ WKH PHVRVFDOH ZKHUH WKH
OHQJWKVFDOHV DUH RI WKH VDPH RUGHU DV WKH PDWHULDO JUDQXODULW\ SOD\V D NH\ UROH LQ FRQWUROOLQJ PDWHULDO SHUIRUPDQFH DQG
KDYLQJDTXDQWLWDWLYH PHDQV RI FKDUDFWHUL]LQJ WKLV VWUXFWXUH LV FUXFLDO LQ GHYHORSLQJ RXU XQGHUVWDQGLQJ RI 1'( WHFKQLTXH
VLJQDWXUHV RI HDUO\ GDPDJH VWDWHV +LJKUHVROXWLRQ FRPSXWHG WRPRJUDSK\ +5&7 SURYLGHV DQ LPDJLQJ FDSDELOLW\ ZKLFK
FDQ UHVROYH WKHVH VWUXFWXUHV IRU PDQ\ FRPSRVLWH PDWHULDOV &RXSOLQJ+5&7ZLWK WKUHHGLPHQVLRQDO SK\VLFVEDVHG LPDJH
SURFHVVLQJ HQDEOHV TXDQWLWDWLYH FKDUDFWHUL]DWLRQ RI WKH PHVRVFDOH VWUXFWXUH 7DNLQJ VHTXHQFHV RI WKHVH GDPDJH VWDWHV SURYLGHV
DPHDQV WR VWUXFWXUDOO\ REVHUYH WKH GDPDJHV HYROXWLRQ :H ZLOO GLVFXVV WKH OLPLWV RI SUHVHQW '&7 FDSDELOLW\ DQG FKDOOHQJHV
IRU LPSURYLQJ WKLV PHDQV WR UDSLGO\ JHQHUDWH VWUXFWXUDO LQIRUPDWLRQ RIDFRPSRVLWH DQG RI WKH GDPDJH,QWKLV SUHVHQWDWLRQ ZH
ZLOO GHPRQVWUDWH WKH LPDJLQJ FDSDELOLW\ RI +5&7
,1752'8&7,21
7KH QHHG WR VWXG\ HDUO\VWDJH GDPDJH LV GULYHQE\ WKH GHVLUH WR LPSURYHUHOLDELOLW\DQGPDQDJHV\VWHPVWKURXJKRXW
WKHLUXVDEOH OLIH 7KLVQHHG WRTXDQWLI\ WKH UHPDLQLQJ WLPH EHIRUHDFRPSRQHQW PXVW EH UHSODFHGD WDVN W\SLFDOO\
UHIHUUHG WR DV ³SURJQRVLV´UHTXLUHVVHYHUDONH\FDSDELOLWLHV VKRZQLQ)LJ,QIRUPDWLRQFKDUDFWHUL]LQJWKHPDWHULDO
VWDWHLVJDLQHGWKURXJKVHQVRUVDQGZKLOHWKDWLVDEHJLQQLQJLWUHTXLUHVDUHODWLRQVKLSEHWZHHQWKHVHQVRUVLJQDODQG
WKH DFWXDOGDPDJHVWDWHWREHXVHIXOLQDUHPDLQLQJOLIHHVWLPDWLRQ )RUPRVW RIDVWUXFWXUH¶VOLIH GDPDJH ZLOO EH YHU\
VPDOO RQ OHQJWK VFDOHV W\SLFDOO\ RQ WKH VDPH RUGHU DV WKH PDWHULDO JUDQXODULW\ LWVHOI DQG LQ PDQ\PDWHULDOV WKLV LVD
VXIILFLHQWO\VPDOOVFDOH VR DV UHTXLUH RSWLFDO RU HOHFWURQ PLFURVFRS\ERWKRIZKLFK LPSRVH VLJQLILFDQW WLPH DQG FRVW
OLPLWDWLRQV$V VKRZQLQ7DEOH  WKH JUDQXODUVFDOHFDQ UDQJH IURP WHQWKV RI PLFURQV LQ FHUDPLFV WR VLQJOH PLFURQV
LQ ILEHUUHLQIRUFHGFRPSRVLWHV WR WHQV RI PLOOLPHWHUV LQ FRQFUHWH
),*85(  &RPSRQHQWV RI SURJQRVLV3HUIRUPLQJSURJQRVLVUHTXLUHVDGHWDLOHG XQGHUVWDQGLQJ RI WKH 1'( VLJQDOV SURGXFHG E\
YDULRXV VHQVRUV GHYHORSPHQW RI GDPDJHHYROXWLRQ PRGHOV DQG TXDQWLILFDWLRQ RIWKH FXUUHQWGDPDJH VWDWH7KHVH FRPSRQHQWVDUH
LQWXUQ LQWHUGHSHQGHQW XSRQ HDFK RWKHU IRUPLQJDGHSHQGHQF\ZHE ZKLFK PXVW EH VDWLVILHGLQ RUGHU WR DFKLHYH WKH GHVLUHG HQGJRDO
RI GHWHUPLQLQJ WKH UHPDLQLQJ VHUYLFH OLIH41st Annual Review of Progress in Quantitative Nondestructive EvaluationAIP Conf. Proc. 1650, 1121-1129 (2015); doi: 10.1063/1.4914721©   2015 AIP Publishing LLC 978-0-7354-1292-7/$30.001121
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7KHQHHGWRUHODWH VLJQDOV IURP YDULRXV RIWHQ ORZFRVW 1'( VHQVRUV WR HQDEOH FRQWLQXRXV PRQLWRULQJ RI DQ HQWLUH
VWUXFWXUH WRWKHGHWDLOVRIHDUO\GDPDJHLVDNH\FRPSRQHQWDQGLOOXVWUDWHVWKHQHHGWRPRUHFRVWHIIHFWLYHGDPDJH
FKDUDFWHUL]DWLRQ PHWKRG LQ RUGHU WR UHDOL]H ODUJH ZLGH VSUHDG XQGHUVWDQGLQJ RI VHQVRU VLJQDOV  7KLV QHHG IRU
FKDUDFWHUL]DWLRQRIHDUO\GDPDJHLVDOVR HTXDOO\LPSRUWDQWLQGHYHORSLQJ PRGHOVRI JURZWK RI GDPDJH VWUXFWXUHV GXHWR
YDULRXVDJLQJPHFKDQLVPVZLWKLQ WKH PDWHULDO 7KHLQWHQGHG YDOXHRIDSURJQRVLVDSSURDFKWRPDQDJLQJV\VWHPVUHTXLUHV
DQXQGHUVWDQGLQJ RIWKHVHQVRUVLJQDOVWRGHWHUPLQH WKHPDWHULDOVWDWHDWDSRLQWLQWLPHDQGWKHDYDLODELOLW\RIGDPDJH
HYROXWLRQPRGHOV WR HVWLPDWH WKH UHPDLQLQJ OLIH LQ D FRPSRQHQW %RWKRI WKHVHSLHFHV UHTXLUH HIILFLHQWPHDQV WR
FKDUDFWHUL]HWKHPDWHULDOGDPDJHVWDWHV:LWKWKHHPHUJHQFHRI'KLJKUHVROXWLRQFRPSXWHGWRPRJUDSK\'+5&7
ZHKDYH DQ HPHUJLQJ WRRO WKDW FDQSURYLGH WKHGHWDLOHGPDWHULDO VWDWH DW WKHJUDQXODU OHYHO IRUPDQ\PDWHULDOV RI
HQJLQHHULQJLQWHUHVWWRGD\
:H SUHVHQWDQGGLVFXVVUHVXOWVIURP'+5&7 XVLQJJUDSKLWHHSR[\FRPSRVLWHVDVDQH[DPSOHV\VWHPVKRZLQJWKH
JUDQXODU QDWXUH RI PDWHULDOV$VLJQLILFDQW FRQVLGHUDWLRQ WRFKDUDFWHUL]LQJ WKH PDWHULDO LV GXH WR WKH QHHG IRU PLFURQ
VFDOH VSDWLDO UHVROXWLRQ ZKLOH VWXG\LQJ PDFURVFDOH VDPSOHV ,QDW\SLFDO ILEHUUHLQIRUFHG FRPSRVLWH PDWHULDO WKH ILEHUV
DUH RULHQWHG LQ PXOWLSOH GLUHFWLRQV WR IRUPDOD\HUHG VWUXFWXUH 6LQFH WKH PHFKDQLFDO SURSHUWLHV RI WKH VWUXFWXUH DUH
JRYHUQHG E\ WKHFROOHFWLRQ RI OD\HUV LW LV LGHDO WRVWXG\ WKH PDWHULDO LQ LWV PXOWLOD\HU H[LVWHQFH UDWKHU WKDQ E\ VHSDUDWH
LQGLYLGXDO OD\HUV 7KLV UHTXLUHV PDFURVFDOH VDPSOHV RIWHQ RQ WKH RUGHU RI VHYHUDO PLOOLPHWHUV WKLFN ZKLOH WKH ILEHU
GLDPHWHU OHQJWKVFDOH QHFHVVLWDWHV SHUIRUPLQJ PHDVXUHPHQWV RQ WKH PLFURQ OHQJWKVFDOH
7$%/( *UDQXODULW\ SURSHUWLHV IRU VHOHFWHG PDWHULDOV
*UDLQ9ROXPH
)UDFWLRQ /HQJWK6FDOH *UDLQ 6KDSH
&RQFUHWH  P   P ,UUHJXODU9ROXPHWULF
6RLOV     P   P 9ROXPHWULF
0HWDOV   P   P 9ROXPHWULF
(SR[\0DWUL[&RPSRVLWHV   P   P 1HHGOH
&HUDPLF0DWUL[&RPSRVLWHV     P   P 1HHGOH
$ OLPLWHG QXPEHU RI JUDQXODU SURSHUWLHV PD\ EH REVHUYHG ZLWK D VLPSOH WZRGLPHQVLRQDO ' WHFKQLTXH VXFK
DV RSWLFDO RU HOHFWURQ PLFURVFRS\ FRXSOHG ZLWK LPDJH SURFHVVLQJ ,Q WKHVH FDVHV WKH GHVLUHG ' LQIRUPDWLRQ PD\
EH GHGXFHG IURP D ' PHDVXUHPHQW HJ GHWHUPLQLQJ YROXPHIUDFWLRQ IURP D VXUIDFHIUDFWLRQ PHDVXUHPHQW EXW
VXFK DQ DSSURDFK LV RIWHQ OLPLWHG WR SURYLGLQJ VLPSOH ' TXDQWLWLHV DQG UHTXLUHV HLWKHU VLPSOH PDWHULDO VWUXFWXUHV RU
VLPSOLI\LQJ DVVXPSWLRQV RI PRUHFRPSOH[ PDWHULDOV 7KHVH ' REVHUYDWLRQV DUH OLPLWHG WR WKH RXWHU VXUIDFHV RI WKH
VDPSOH UHTXLULQJ GHVWUXFWLYH VHFWLRQLQJ WR SHUIRUPDWUXH ' DQDO\VLV )XUWKHU GHWHUPLQLQJ ' FKDUDFWHULVWLFV IURP
' PHDVXUHPHQWV UHTXLUHVDODUJH QXPEHU RI VDPSOHV DQG WKH SURSHU VDPSOLQJ RI WKH VWDWLVWLFV LQYROYHG ZLWK WKH HDUO\
VWDJH GDPDJH ,Q PDQ\ FDVHV WKH UHTXLUHG QXPEHU RI VDPSOHV LV WRR ODUJH WR EH HFRQRPLFDOO\ IHDVLEOH 7KHVH OLPLWDWLRQV
UHQGHU ' PHDVXUHPHQW WHFKQLTXHV LPSUDFWLFDO IRU VWXG\LQJ WKH LQLWLDWLRQ DQG HYROXWLRQ RI HDUO\VWDJH GDPDJH
$IXUWKHU PHDVXUHPHQW FRPSOLFDWLRQ LV WKDW LW LV RIWHQ GHVLUDEOH WR SHUIRUP WKHVH PHDVXUHPHQWV in situZKLOH WKH
VDPSOH LV XQGHUDPHFKDQLFDO DQGRU WKHUPDO ORDG ,Q VRPH FDVHV WKLV LV VLPSO\ WR LPSURYH GHWHFWDELOLW\ HJ DQ RSHQ
FUDFN FDQ EH HDVLHU WR GHWHFW WKDQDWLJKWO\FORVHG FUDFN ZKLOH LQ RWKHU LQVWDQFHV WKH DSSOLHG ORDG PD\ EH FULWLFDO
WR SURSHUO\ FRQWUROOLQJ WKH GDPDJH VWDWH HJ SUHYHQWLQJ VWUHVV UHOD[DWLRQ >@ $V ZKHQ VWXG\LQJ WLPHGHSHQGHQW
SKHQRPHQRQ VXFK DV GDPDJH HYROXWLRQ GHVWUXFWLYH PHWKRGV PXVW EH DYRLGHGIRU in situ VWXGLHV DV LW LV LPSRVVLEOH WR
DSSURSULDWHO\ VHFWLRQ WKH VDPSOH DQG FROOHFW PHDVXUHPHQWV DV LW LV XQGHU ORDG
(DUO\ VWDJH GDPDJH RFFXUV RQ WKH JUDQXODU VFDOH RI WKH PDWHULDO DQG WKH PHDVXUHPHQW WHFKQLTXH PXVW EH FDSDEOH RI
UHVROYLQJ WKLV VFDOH $Q HIIHFWLYH WHFKQLTXH IRU GLUHFWO\ LPDJLQJ WKHVH VPDOOVFDOH LQWHUQDO VWUXFWXUHV LV[UD\ FRPSXWHG
WRPRJUDSK\ &7 $ VXEVHW RI &7 IRFXVHV RQ WKH DQDO\VLV RI VPDOOVFDOH VDPSOHV DQG VWUXFWXUHV ZLWK VSDWLDO UHVROXWLRQV
UDQJLQJ IURP VXE PLFURQ WRDIHZ WHQV RI PLFURQV > @ ,Q DGGLWLRQ WR SURYLGLQJDGLUHFW PHWKRG RI LPDJLQJ LQWHUQDO
' VWUXFWXUHV DW WKH UHTXLUHG UHVROXWLRQ &7 LV QRQGHVWUXFWLYH DQG WKXV VXLWDEOH IRU XVH ZLWK GDPDJHHYROXWLRQ DQG in
situ VWXGLHV )XUWKHU &7 FDQ SURYLGHDVLJQLILFDQW FRVW DQG WLPH DGYDQWDJH RYHU ' LPDJLQJ DQG VHFWLRQLQJ LQ FDVHV
ZKHUH GHVWUXFWLYH PHWKRGV ZRXOG EH DFFHSWDEOH 7KHUHFHQWDGYHQWRILQFUHDVHGFRPSXWHUSRZHUUHSUHVHQWHGE\
ELWKDUGZDUHDQGVRIWZDUHSODWIRUPVDQGWKHDYDLODELOLW\RIJUDSKLFVSURFHVVLQJXQLWV *38VHQDEOHVWKHHIIHFWLYH
KDQGOLQJRIWKHKXQGUHGVRIJLJDE\WHVRIGDWDJHQHUDWHGE\+5&7V\VWHPV
5HFHQW ZRUN E\ WKH DXWKRUV KDV PDGH LW SRVVLEOH WR DFKLHYH UHFRQVWUXFWLRQ YR[HO VL]HV RQ WKH RUGHU RI VLQJOH PLFURQV
ZLWK ORZFRQWUDVW FDUERQ FRPSRVLWH VDPSOHV LQ W\SLFDO ODERUDWRU\ IDFLOLWLHV >@ 3UHYLRXVO\ DFKLHYLQJ VXFK UHVROXWLRQV
KDV UHTXLUHG DFFHVV WRDV\QFKURWURQ IDFLOLW\ ZKLFK LQWURGXFHG VLJQLILFDQW WLPH DQG FRVW FRQVWUDLQWV IRU SURMHFWV ZKLFK
UHTXLUH WKH VWXG\ RI PDWHULDOV¶ JUDQXODU VWUXFWXUH 3HUIRUPLQJ UHFRQVWUXFWLRQV ZLWK YR[HO VL]HV RQ WKH RUGHU RIP
RU VPDOOHU LV QHFHVVDU\ IRU LPDJLQJ WKH JUDQXODU VWUXFWXUH RI ILEHUUHLQIRUFHG FRPSRVLWHV ,Q DGGLWLRQ WR DFKLHYLQJ
VPDOOHU YR[HO VL]HV WKH FRQWUDVW VHQVLWLYLW\ RI WKH UHFRQVWUXFWLRQ KDV DOVR EHHQ LPSURYHG LQ RUGHU WR FDSWXUH WKH VXEWOH
ORZFRQWUDVW VLJQDWXUHV RI HDUO\VWDJH GDPDJH 1122
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+,*+5(62/87,21&20387('7202*5$3+< ,0$*,1*&$3$%,/,7<
$Q LQWURGXFWLRQ WR WKLV LPSURYHG LPDJLQJ FDSDELOLW\ FDQ EH VHHQ LQ)LJ 7KLV ILJXUH VKRZVDFURVVVHFWLRQ RID
FDUERQ ILEHU UHLQIRUFHG SRO\PHU &)53 VDPSOH &)53 VDPSOHV DUH FKDOOHQJLQJ WR LPDJH ZLWK &7 GXH WR WKH ORZ
DEVRUSWLRQ FRQWUDVW EHWZHHQ WKH FDUERQ ILEHUV DQG FDUERQEDVHG HSR[\ PDWUL[ 3UHYLRXV ZRUN VWXG\LQJ &)53 VDPSOHV
KDV W\SLFDOO\ KDQGOHG WKLV ORZFRQWUDVW VLWXDWLRQ E\ HLWKHU VWXG\LQJ ODUJHUVFDOH VWUXFWXUHV VXFK DV ILEHU EXQGOHV UDWKHU
WKDQ LQGLYLGXDO ILEHUV >   @ RU XVLQJ UDGLRRSDTXH FRQWUDVWLQJ DJHQWV > @ 7KH FURVVVHFWLRQ LQ)LJVKRZV
JUDQXODUVFDOH VWUXFWXUHV ZLWKRXW UHTXLULQJ WKH XVH RI FRQWUDVW DJHQWV GHPRQVWUDWLQJ WKH SRWHQWLDO IRU XWLOL]LQJ WKH QHZ
UHFRQVWUXFWLRQ DOJRULWKP IRU VWXG\LQJ WKH HYROXWLRQ RI JUDQXODUVFDOH GDPDJH VWUXFWXUHV
),*85(  &DUERQILEHU UHLQIRUFHG SRO\PHUFURVVVHFWLRQ 5HFRQVWUXFWLRQ SHUIRUPHG DW PLFURQ YR[HO VL]H1RWLFH WKH DELOLW\
WR GLVFHUQ SO\ RULHQWDWLRQV DQG WKH LUUHJXODU VXUIDFHV VHSDUDWLQJ WKH SOLHV 7KH EXOOVH\H SDWWHUQ LV NQRZQ DVDULQJ DUWLIDFW DQG LV
FDXVHG E\ WKH[UD\GHWHFWRU
:KHQ YLHZLQJ WKH UHFRQVWUXFWLRQ IURPDYLHZ RUWKRJRQDO WR WKH FURVVVHFWLRQ LW LV SRVVLEOH WR UHDGLO\LGHQWLI\
SHULRGLF PLFURFUDFNLQJ LQ VDPSOHV ZKLFK ZHUH GDPDJHG SULRU WR WKH &7 VFDQ 7KHGDPDJHLQGXFWLRQ PHWKRG LV
GHVFULEHGLQWKHVHFWLRQ³,QFUHPHQWDO'DPDJH,QIOLFWLRQ´ODWHULQWKLVSDSHU $Q H[DPSOH RI WKHUHVXOWLQJGDPDJH LV
VKRZQ LQ)LJ 6XFK FUDFNLQJ LVDNQRZQ SKHQRPHQRQ ZLWK ILEHUUHLQIRUFHG FRPSRVLWHV > @ DQG LWVREVHUYDWLRQ
LQ WKHVH UHVXOWV KHOSV YDOLGDWH WKH XVH RI +5&7 IRU VWXG\LQJ GDPDJH VWUXFWXUHV ZLWKLQ ILEHUUHLQIRUFHG FRPSRVLWHV
),*85(  3HULRGLF PLFURFUDFNLQJ REVHUYHG ZKHQ YLHZLQJ UHFRQVWUXFWLRQ RUWKRJRQDO WR WKH FURVVVHFWLRQ GLUHFWLRQ 6XFK
FUDFNLQJ LVDNQRZQ SKHQRPHQRQ ZLWK ILEHUUHLQIRUFHG FRPSRVLWHV > @1123
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$UHODWHGH[DPSOH LV VKRZQ LQ)LJ ZKLFKVKRZVDJODVVILEHUUHLQIRUFHGSRO\PHU *)53VDPSOH7KH *)53
VDPSOH FRQWDLQV ODUJHUGLDPHWHU ILEHUV DQG WKH VLOLFD JODVV ILEHU KDVDKLJKHU DWWHQXDWLRQ FRQWUDVW ZLWK WKH FDUERQEDVHG
HSR[\ PDWUL[ HQDEOLQJ KLJKHU FRQWUDVW LQ WKH UHFRQVWUXFWLRQ
),*85(  *ODVV ILEHU UHLQIRUFHG SRO\PHU UHFRQVWUXFWLRQ VOLFH 5HFRQVWUXFWLRQ SHUIRUPHG DWPLFURQ YR[HO VL]H 7KH ODUJHU
ILEHU GLDPHWHU DQG KLJKHU FRQWUDVW EHWZHHQ ILEHU DQG UHVLQ SURGXFHV JUHDWHU FRQWUDVW LQ WKH UHFRQVWUXFWLRQ
)RU DOO RI WKH UHFRQVWUXFWLRQV SHUIRUPHG DV SDUW RI WKLV ZRUNDFRQVLVWHQW VHW RI +5&7 SDUDPHWHUV ZHUH XVHG ZKHQ
SHUIRUPLQJ WKH VFDQV 7KHVH SDUDPHWHUV DUH OLVWHG LQ7DEOH 
7$%/( 7\SLFDO+5&7SDUDPHWHUV IRU LPDJLQJ FRPSRVLWH VDPSOHV
6RXUFH .HYH[ PLFURIRFXV WXEH  NH9  $  PVSRW
'HWHFWRU *( ';5 / [ PSLWFK ELW GLJLWL]DWLRQ
&76FDQ GHJUHH URWDWLRQ GHJUHH LQFUHPHQW  H[SRVXUHV
KRXU DFTXLVLWLRQ WLPH
[[ JHRPHWULF PDJQLILFDWLRQ
 *% UHTXLUHG WR VWRUH DFTXLUHG LPDJHV
 *%UHTXLUHGWR VWRUH [[ UHFRQVWUXFWLRQ
5HFRQVWUXFWLRQ SHUIRUPHG XVLQJ QHZ FRQHEHDP DOJRULWKP >@
'$0$*(&+$5$&7(5,=$7,21
$VDUHVXOW RI KDYLQJWKLV LPSURYHGLPDJLQJ FDSDELOLW\ LW LV SRVVLEOH WRYLVXDOL]H WKH FRPSOH[LW\RI GDPDJH VWUXFWXUHV
ZLWKLQ FRPSRVLWH PDWHULDOV )LJXUHV   DQG  LOOXVWUDWH WKLV JHRPHWULF FRPSOH[LW\ $FKLHYLQJ WKH HQGJRDO RI
GHYHORSLQJ UHOLDEOH SURJQRVLV WRROV IRU FRPSRVLWH PDWHULDOV UHTXLUHV XQGHUVWDQGLQJ WKH PHFKDQLFDO EHKDYLRU RI WKHVH
GDPDJH VWUXFWXUHV DQG GHYHORSLQJ SUHGLFWLYH PRGHOV IRU WKHLU IXWXUH JURZWK 7KLV LPDJLQJ FDSDELOLW\ SURYLGHV WKH
PHDQV WR VXSSO\ VXFK PRGHOV ZLWK WKH FXUUHQW PDWHULDO VWDWH DV ZHOO DV WR TXDQWLWDWLYHO\ HYDOXDWH WKH DFFXUDF\ DQG
SHUIRUPDQFH RI WKH PRGHOV 1124
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),*85(  &)53 UHFRQVWUXFWLRQ VOLFH VKRZLQJ VLJQLILFDQW GDPDJH LQ WKH IRUP RI FRPSOH[ FUDFN VWUXFWXUHV RI YDU\LQJ VL]HV
1RWLFH WKH SUHVHQFH RI ERWK LQWHUSO\ GHODPLQDWLRQV DQG VPDOOHU FUDFNV ZKROO\ FRQWDLQHG ZLWKLQDVLQJOH SO\
),*85(  $OWHUQDWHYLHZ RIWKH GDPDJHG VDPSOH VKRZQLQ)LJ7ZR SO\ RULHQWDWLRQV DUH YLVLEOHGXH WR WKHUHFRQVWUXFWLRQ
JULG QRW EHLQJ IXOO\DOLJQHG ZLWK WKH SULQFLSDO D[HV RI WKH FRPSRVLWH¶V OD\HUHG VWUXFWXUH &UDFNV RI PXOWLSOH VL]HV FDQ EH VHHQ DV
ZHOO DV FUDFNV WUDYHOLQJ ERWK ZLWK DQG DFURVV WKH ILEHU GLUHFWLRQ
'$0$*((92/87,21
$V PHQWLRQHG EHIRUH DFKLHYLQJ WKH HQGJRDO RI GHYHORSLQJ SURJQRVLV WRROV IRU FRPSRVLWH PDWHULDOV UHTXLUHV WKH
FUHDWLRQ DQG YDOLGDWLRQ RI GDPDJH HYROXWLRQ PRGHOV 9DOLGDWLQJ WKHVH PRGHOV UHTXLUHV FKDUDFWHUL]LQJ WKH LQWHUQDO VWDWH1125
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),*85(  7KUHHGLPHQVLRQDO YLVXDOL]DWLRQ RI WKH FUDFNLQJ ZLWKLQ WKH VDPSOH VKRZQ LQ)LJVDQG  7KH UHFRQVWUXFWLRQV
SURGXFHG E\ WKH QHZ&7UHFRQVWUXFWLRQ DOJRULWKP FRQWDLQ VXIILFLHQW FRQWUDVW WR HQDEOH H[WUDFWLRQ RI WKH FUDFN VXUIDFHV E\ XVLQJD
VLPSOH WKUHVKROG RSHUDWLRQ
RI VDPSOHV DW VHYHUDO SRLQWV LQ WLPH DQG DVDUHVXOW QRQGHVWUXFWLYH WHFKQLTXHV VXFK DV +5&7 PXVW EH XWLOL]HG )XUWKHU
WKH LQMHFWLRQ RI FRQWUDVW DJHQWV LQWR WKH VDPSOH LV QRW DQ RSWLRQ GXH WR WKHLU SRWHQWLDO LQIOXHQFH RQ WKH IXWXUH PHFKDQLFDO
SHUIRUPDQFH RI WKH PDWHULDO $VDUHVXOW WKH LPDJLQJ FDSDELOLW\ GHPRQVWUDWHG DERYH LV UHTXLUHG WR DGHTXDWHO\ FDSWXUH
WKH JUDQXOHVFDOH LQWHUQDO VWUXFWXUHV RI WKH VDPSOH ZLWK VXIILFLHQW FRQWUDVW VR DV WR HQDEOH WKH QHFHVVDU\ SRVWSURFHVVLQJ
ZKLFK JHQHUDWHV GDPDJH HYROXWLRQ PRGHO LQSXWV
,QFUHPHQWDO'DPDJH,QIOLFWLRQ
7R GHPRQVWUDWH WKH DSSOLFDWLRQ RI WKLV LPDJLQJ FDSDELOLW\ WR WKH VWXG\ RI HYROYLQJ GDPDJH VWUXFWXUHVDSUHYLRXVO\
GDPDJHG &)53 VDPSOH ZDV LQFUHPHQWDOO\GDPDJHG XVLQJ WKH 076 PDFKLQH DW &1'( 7KH VDPSOH ZDV SODFHG LQD
SRLQW EHQG DSSDUDWXV DQG LQVWUXPHQWHG ZLWK DQ DFRXVWLF HPLVVLRQ $( SUREH DV VKRZQ LQ)LJ 7KH $( SUREH ZDV
XVHG WR HVWLPDWH ZKHQ DGGLWLRQDO GDPDJH KDG RFFXUUHG ZLWKLQ WKH VDPSOH 2QFH WKH ORDG ZLWKLQ WKH VDPSOH H[FHHGV
WKH VWUHQJWK RI WKH PDWHULDO IUDFWXUH RFFXUV DV WKH VDPSOH DWWHPSWV WR VKHG WKH ORDG >@ $V WKH ILEHUV DQG PDWUL[
IUDFWXUH WKH\ HPLW XOWUDVRQLF ZDYHV ZKLFK DUH PHDVXUHG E\DSUREH ZKLFK VLPSO\ ³OLVWHQV´ WR WKH VDPSOH$VLJQLILFDQW
VKRUWFRPLQJ RI WKH $( PHDVXUHPHQW LV WKDW LW SURYLGHV QR ORFDOL]DWLRQ RI WKH VRXUFH RI WKH VLJQDO VR HYHQWKRXJK $(
VLJQDOV ZKLFK LQGLFDWH GDPDJH KDV RFFXUUHG DUH UHFRUGHG LW LV QRW SRVVLEOH WR NQRZ LI WKH GDPDJH RFFXUUHG ZLWKLQ
WKH UHJLRQRI LQWHUHVW )LJXUHVKRZVWKH EXUVWRI DFRXVWLF HQHUJ\ ZKLFK RFFXUUHG DIWHU VXIILFLHQWORDG ZDVDSSOLHG WR
LQGXFH DGGLWLRQDO LQWHUQDO GDPDJH
)LJXUH  VKRZV DQ REVHUYHG FKDQJH LQ WKH LQWHUQDO GDPDJH VWUXFWXUHV DVDUHVXOW RI WKH DSSOLHG ORDG 6HYHUDO QHZ
FUDFNV DUH YLVLEOH WUDYHOLQJ ERWK EHWZHHQ DQG ZLWKLQ SOLHV DQG ERWK ZLWK DQG DFURVV WKH ILEHUV 7KH DGGLWLRQDO GDPDJH
H[KLELWV FRPSOH[ JHRPHWU\ VLPLODU WR WKH SUHH[LVWLQJ GDPDJH DQG XQGHUVFRUHV ERWK WKH FKDOOHQJH DVVRFLDWHG ZLWK
GHYHORSLQJ DFFXUDWH GDPDJH HYROXWLRQ PRGHOV DQG WKH QHFHVVLW\ RI +5&7 LPDJLQJ IRU HYDOXDWLQJ WKRVH PRGHOV
7KH EOXU LQ WKH ORZHU SRUWLRQ RI WKH OHIW LPDJH RI)LJ LV FDXVHG E\ WKH UHOD[DWLRQ RI WKH VDPSOH GXULQJ WKH VFDQ
6DPSOH5HOD[DWLRQ
7KH UHOD[DWLRQ RI WKH VDPSOH GXULQJ WKH VFDQ LQWURGXFHV VLJQLILFDQW DUWLIDFWV DV VHHQ LQ )LJ  7KH GRXEOH
H[SRVXUH DSSHDUDQFH RI WKH ODUJH FUDFNV LV FRQVLVWHQW ZLWK DQ XQFRQWUROOHG VKLIW LQ WKH VDPSOH SRVLWLRQ GXULQJ WKH1126
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),*85(  3KRWRJUDSK RI WKH &)53 VDPSOH LQ WKH 076SRLQW EHQG DSSDUDWXV 7KH DFFHOHURPHWHU PRXQWHG RQ WKH OHIW HQG
RI WKH VDPSOH LV FRQQHFWHG WR DQ RVFLOORVFRSH DQG ZDV XVHG WR YHULI\ WKH DELOLW\ RI WKH $( SUREH WR FDSWXUH WKH DFRXVWLF HYHQWV
RILQWHUHVW 7KH WUDQVGXFHU RQ WKH ULJKW HQG RI WKH VDPSOH LV FRQQHFWHG WRDSRUWDEOH $( WHVWLQJ XQLW ZKLFK SDVVLYHO\ OLVWHQHG IRU
DFRXVWLF HYHQWV DV WKH 076 PDFKLQH VORZO\ DSSOLHG IRUFH WR WKH VDPSOH
),*85(  3ORW RI WKH 076 ORDG OHIW D[LV DQG PHDVXUHG $( VLJQDO HQHUJ\ULJKWD[LV DV IXQFWLRQV RI WLPH 7KH RVFLOODWLRQV LQ
WKH DSSOLHG ORDG DUH GXH WR XVLQJDK\GUDXOLF UDWKHU WKDQ VFUHZGULYH PDFKLQH IRUDVORZ PRQRWRQLF GLVSODFHPHQW DQG WKH WXQLQJ
RI WKH K\GUDXOLFV IRU F\FOLF IDWLJXH 7KH ODUJH VSLNH LQ $( VLJQDO HQHUJ\ QHDU WKH ULJKW RI WKH SORW VXJJHVWHG WKDW LQWHUQDO GDPDJH
KDG RFFXUUHG DQG GHILQHG WKH WLPH DW ZKLFK WKH VDPSOH ZDV XQORDGHG DQGUHVFDQQHG WR LQVSHFW IRU LQWHUQDO FKDQJHV
LQVSHFWLRQ DQGDVSDWLDO RIIVHW RIDVLQJOH SO\ LQGLFDWLQJ WKDW WKH UHOD[DWLRQ FDXVHG WKH VDPSOH WR PRYH RQ WKH RUGHU RI
 P $V VKRZQ LQ WKH ILJXUH WKDW VPDOO PRWLRQ EHFRPHV VLJQLILFDQW DW WKH KLJK PDJQLILFDWLRQV XVHG LQ WKH +5&7
VFDQV
7KLV UHOD[DWLRQ RFFXUV ZLWKLQ WKH ILUVW  KRXUV RI WKH GDPDJHLQIOLFWLRQ DV VKRZQ LQ)LJ 7KH OHIW LPDJH RI WKH
ILJXUH VKRZVDVOLFH IURPD+5&7 VFDQ SHUIRUPHG LPPHGLDWHO\ DIWHU UHPRYLQJ WKH VDPSOH IURP WKH 076 PDFKLQH 7KH
ULJKW LPDJH VKRZV WKH VDPH VOLFH IURPDVFDQ SHUIRUPHG  KRXUV DIWHU UHPRYLQJ WKH VDPSOH IURP WKH 076 PDFKLQH
7KH LPDJH RQ WKH OHIW VKRZV WKH VDPH XQFRQWUROOHGPRWLRQ DUWLIDFWV DV VHHQ LQ WKH ORZHU SRUWLRQ RI)LJ ZKLOH WKH
LPDJH RQ WKH ULJKW LV FULVS 1127
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),*85(  ([DPSOH RI REVHUYHG GDPDJH HYROXWLRQ ZLWKLQD&)53VDPSOH 7KH UHJLRQ RI LQWHUHVW LV PDUNHG E\ WKH HOOLSVH
,QWUDSO\ FUDFNLQJ ERWK DORQJ DQG DFURVV WKH ILEHU GLUHFWLRQ LV YLVLEO\ FKDQJLQJ DV ZHOO DV WKH EHJLQQLQJV RI LQWHUSO\ FUDFNLQJ
7KH EOXU LQ WKH LPDJH RQ WKH OHIW LV GXH WR PRYHPHQW RI WKH VDPSOH GXULQJ WKH KRXU&7VFDQ 7KLV UHOD[DWLRQ EHKDYLRU KDVD
VLJQLILFDQW HIIHFW RQ WKH UHFRQVWUXFWLRQ TXDOLW\ LV GHVFULEHG LQ JUHDWHU GHWDLO EHORZ
),*85(  6LGHE\VLGH FRPSDULVRQ RI UHFRQVWUXFWLRQ VOLFHV VKRZLQJ WKH HIIHFW RI DOORZLQJ WKH VDPSOH WR UHVW IRU  KRXUV
EHWZHHQ WKH LQIOLFWLQJ RI GDPDJH DQG WKH&7VFDQ 7KH LPDJH RQ WKH OHIW ZDV JHQHUDWHG E\D&7 VFDQ SHUIRUPHG LPPHGLDWHO\ DIWHU
UHPRYLQJ WKH VDPSOH IURP WKH 076 PDFKLQH 7KH LPDJH RQ WKH ULJKW ZDV JHQHUDWHG E\DVFDQ ZKLFK ZDV SHUIRUPHG  KRXUV DIWHU
UHPRYLQJ WKH VDPSOH IURP WKH 076 PDFKLQH
&21&/86,216$1')8785(:25.
7KLVSDSHUGHPRQVWUDWHVDQLPDJLQJFDSDELOLW\ZKLFKVXSSOLHVWKHPLVVLQJWRROWRHQDEOHDFFXUDWHFKDUDFWHUL]DWLRQ
RIHDUO\VWDJHGDPDJHZLWKLQILEHUUHLQIRUFHG FRPSRVLWHV7KHDELOLW\WRTXDQWLI\WKHLQWHUQDOJUDQXOHVFDOHVWUXFWXUHRI
DPDWHULDO LV DFULWLFDO VWHS IRUGHYHORSLQJ DQG WHVWLQJGDPDJHHYROXWLRQ PRGHOV6XFKPRGHOVDUH WKHPVHOYHV DNH\
FRPSRQHQWRISURJQRVLV,QDGGLWLRQWRGHPRQVWUDWLQJWKHDELOLW\WRUHVROYH JUDQXOHVFDOHLQWHUQDOVWUXFWXUHVWKHREVHUYHG
VDPSOHUHOD[DWLRQEHKDYLRU PXVWEHFRQVLGHUHGZKHQLQFRUSRUDWLQJWKLV+5&7LPDJLQJFDSDELOLW\LQWRDPDWHULDOVVWXG\
0XFKRIWKHGDPDJHFKDUDFWHUL]DWLRQUHVXOWVVKRZQDUHSUHOLPLQDU\DQGZLOOEHQHILWIURPIXUWKHUGHYHORSPHQW:HSODQ
WRXVHWKHFKDUDFWHUL]DWLRQWRROGHPRQVWUDWHGLQIXUWKHUVWXGLHVRIGDPDJHHYROXWLRQ1128
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7KLVPDWHULDO LV EDVHG RQZRUN VXSSRUWHG E\ WKH $UP\5HVHDUFK /DERUDWRU\ DV SDUW RI FRRSHUDWLYH DJUHHPHQW QXPEHU
:1) DW WKH &HQWHU IRU 1RQGHVWUXFWLYH (YDOXDWLRQ DW ,RZD 6WDWH 8QLYHUVLW\ 7KH DXWKRUV ZRXOG DOVR OLNH WR
WKDQN 'DQ %DUQDUG DQG 6XQLO &KDNUDSDQL IRU WKHLU DVVLVWDQFH LQ SUHSDULQJ VDPSOHV DQG SHUIRUPLQJ GDPDJH ORDGLQJ
5()(5(1&(6
 - %XIILHUH ( 0DLUH DQG - $GULHQ Experimental mechanics ± 
 / 6DOYR 3&ORHWHQV ( 0DLUH 6 =DEOHU - %ODQGLQ - %XIILqUH:/XGZLJ ( %ROOHU ' %HOOHW DQG & -RVVHURQG
Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions with Materials and Atoms
±  ,661 ;
 / 6DOYR 0 6XpU\ $ 0DUPRWWDQW 1 /LPRGLQ DQG ' %HUQDUG Comptes Rendus Physique ±
 ,661 
 5 *UDQGLQ Early-state damage detection, characterization, and evolution using high-resolution computed
tomography3KG ,RZD 6WDWH 8QLYHUVLW\ 
 ( %D\UDNWDU 6 $QWRORQRYLFK DQG & %DWKLDV International Journal of Fatigue ±  ,661

 - 6FKHOO 0 5HQJJOL * YDQ /HQWKH 5 0OOHU DQG 3 (UPDQQL Composites Science and Technology ±
  ,661 
 / 3 'MXNLF , +HUV]EHUJ : 5 :DOVK * D 6FKRHSSQHU DQG % *DQJDGKDUD 3UXVW\ Composites Part A:
Applied Science and Manufacturing ±  ,661 ;
 / 3 'MXNLF , +HUV]EHUJ : 5 :DOVK * D 6FKRHSSQHU % *DQJDGKDUD 3UXVW\ DQG ' : .HOO\
Composites Part A: Applied Science and Manufacturing ±  ,661 ;
 3 - 6FKLOOLQJ % 5 .DUHGOD $ . 7DWLSDUWKL 0 D 9HUJHV DQG 3 ' +HUULQJWRQ Composites Science and
Technology  ±  ,661 
 . 7DQ1 :DWDQDEH DQG < ,ZDKRUL Composites Part B: Engineering ±  ,661 
 = ;LD 5 &DUU DQG - +XWFKLQVRQ Acta metallurgica et materialia ± 
 - 1DLUQ ³0DWUL[ PLFURFUDFNLQJ LQ FRPSRVLWHV´ LQ Polymer matrix compositesHGLWHG E\ 5 7DOUHMD-$
0DQVRQ $ .HOO\ DQG & =ZHEHQ (OVHYLHU 6FLHQFH  YRO  ,6%1 
 $ 6XEUDPDQLDQ Damage detection and characterization of fiber- reinforced composites using ultrasonics
0DVWHU RI VFLHQFH ,RZD 6WDWH 8QLYHUVLW\  1129
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